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,  ABSTRACT 

PROPAGATION  CONDITIONS  AND  TRANSMISSION  RELIABILITY 
IN  THE  TRANSITIONAL  MICROWAVE  RANGE 

In  the  transitional  raicrovave  range,  roughly  6  centimeters 
to  1  centimeter,  the  problem  of  gaseous  and  solid  particle  at- 
tenuation becomes  pronounced.  An  investigation  of  the  expect- 
ed propagation  conditions  can  be  made,  and  the  resulting  reli- 
ability of  operation  indicated  for  frequencies  in  this  region. 
The  general  method  of  analysis  is  as  follows: 

Adopting  the  general  method  of  Van  Vleck,  and  utilizing 
the  latest  information  concerning  the  location  of  the  Og  res- 
onance region  and  the  resonance  half  vidth,  the  attenuation  due 
to  oxygen  is  found  as  a  function  of  frequency.    As  in  the  case 
of  O2,  latest  water  vapor  resonance  values  at  the  main  reso- 
nance are  used  to  supply  attenuation  values  in  terms  of  the  at- 
mosphere vapor  pressure  content,  all  as  a  function  of  frequency. 
The  additional  attenuation  due  to  the  residual  decay  of  other 
resonance  lines  at  wavelengths  shorter  than  1.55  cm  is  also 
calculated.    The  total  gaseous  attenuation,  the  sum  (in  deci- 
bels) of  the  O2,  HgO  main,  and  HgO  residual,  is  found  over  the 
transitional  range.     The  results  are  interpreted,  in  terms  of 
additional  attenuation  over  that  of  the  normal  inverse  square 
law,  for  different  path  lengths. 

The  equations  derived  for  the  standard  conditions  of  tem- 
perature and  pressure  case  are  examined  from  the  aspect  of 


change  in  total  attenuation  over  the  frequency  range  as  the 
temperature  and  pressure  vary,  taking  cognizance  of  the  pres- 
sure broadening  of  the  vapor  line  and  other  pertinent  effects. 
Latest  values  of  average  temperature,  pressure,  and  vapor 
pressure  content  of  the  atmosphere  as  a  function  of  altitude 
are  used  to  determine  the  expected  gaseous  attenuation  at 
various  frequencies  as  a  function  of  altitude. 

The  -work  of  Ryde  and  Ryde  is  used  as  a  basis  for  calculat- 
ing the  expected  attenuation  under  various  conditions  of  pre- 
cipitation intensity,  using  available  drop  size  distribution 
data.     Meteorological  data  for  the  temperate  zone  is  used  to 
predict  the  general  distribution  of  expected  rainfall  intensi- 
ties and  duration  in  a  year's  time.    With  this  information  and 
both  the  gaseous  and  rainfall  attenuation  values  already  found, 
figures  of  percentage  reliability  can  be  arrived  at.  Conclu- 
sions as  to  the  utility  of  given  frequency  regions  vithin  the 
range  can  then  be  made. 

The  expected  attenuation  due  to  hailstones  and  fog  are  in- 
vestigated and  found  to  be  not  the  limiting  factor  in  band 
utilization  that  rainfall  is.    Interference-type  fading,  re- 
fraction, and  scattering  are  commented  on.    Vith  the  values  of 
gaseous  attenuation,  rainfall  attenuation,  and  expected  rain- 
fall intensity-duration  product  known,  figures  of  reliability 
for  various  frequencies  can  be  predicted  over  different  path 
lengths  sjid  vith  different  amounts  of  transmitter  pover  avail- 
able.   General  conclusions  are  dravn  as  to  the  suitability  of 


! 


.this  region  and  parts  thereof  for  particular  services. 

For  purposes  of  quantitative  exposition,  the  frequency 
of  1^1-, 000  MOS,   (    X  =    2.15  cm)  is  chosen  arbitrarily  here, 
and  values  indicated  for  the  various  attenuation  factors. 

1.  The  attenuation  due  to  oxygen  is  found  to  be  0.015 
db/mile  at  standard  conditions  of  temperature  and  pressure. 

2.  The  attenuation  due  to  the  main  vater  vapor  reso- 
nance is  found  to  be  O.OOI6I p  db/mile;  for  the  residual 
•wings,  the  attenuation  is  0.00142^  db/mile.  Here  jO  is 
the  number  of  grams  of  -water  vapor/cubic  meter.  Assuming 
vapor  saturation  values  at  standard  conditions  of  temperature 
and  pressure,  the  total  attenuation  due  to  -water  vapor  is 
0.054  db/mile. 

3.  The  total  attenuation  under  saturation  vapor  condi- 
tions at  standard  conditions  of  temperature  and  pressure  is 
found  to  be  O.O67  db/mile.  Over  a  10  mile  path  this  repre- 
sents a  negligible  loss:  O.67  db.  When  the  path  length  ex- 
tends to  the  order  of  100  miles  or  more,  however,  the  loss 
becomes  appreciable. 

4.  It  is  found  that  at  lov  altitudes  (l-2  miles)  the  at- 
tenuation due  to  vater  vapor  generally  predominates;  above 
this  height,  oxygen  attenuation  is  the  major  factor.    In  any 
event  the  attenuation  drops  rapidly  with  altitude,  being  down 
to  one-half  its  sea  levelvalue  at  a  height  of  2  miles  and  to 
1/10  at  4  miles. 

5.  Attenuation  during  rainfall  for  various  precipita- 


vlli 


tipn  intensities  are  found  as: 


(mm/hour) 


(db/mile) 


0.25 


0.0095 


1.25 


0.060 


2.50 


0.1i|-9 


12.50 


0.^0 


25.00 


2.25 


50.00 


4.87 


100.00 


10.3 


6.  With  the  expected  rainfall  intensities  and  duration 
found  for  the  temperate  zone,  it  can  be  shown  that  continu- 
ously reliable  transmission  can  be  predicted  for  10  mile 
path  lengths  vith  2  watts  of  power  and  normally  high  gain  an- 
tennas and  a  good  receiver.    With  the  sa.me  power,  antennas  and 
receiver,  the  path  length  can  be  extended  to  25  miles  if  a 
figure  of  reliability  of  99.9  percent  is  accepted. 

7.  Comparable  attenuation  values  for  all  frequencies 
within  the  6-1  cm  range  have  been  found,  and  may  be  read  di- 
rectly from  the  various  graphs. 


IliTROmCTION 


The  general  propagation  characteristics  of  the  frequency 
region  belov  5  centimeters  (6000  megacycles)  are  relatively 
well-lcnown;  the  range  above  this,  but  below  the  far  infrared 
portion  of  the  spectr^um  (  X  «  1  millimeter  approximately),  is 
a  transitional  section  of  the  electromagnetic  spectrum  where- 
in absorption  effects  become  pronounced.    The  questions  of 
oxygen  and  water  vapor  absorption  and  quantitative  values  of 
attenuation  at  sea  level  and  up  into  the  troposphere  are  in- 
vestigated from  the  theoretical  viewpoint  for  the  wave  length 
range  6  cm  to  1  cm.     Values  of  rainfall  attenuation  as  a  func- 
tion of  intensity  are  also  presented,  and  the  occurrence  and 
duration  of  various  rates  of  rainfall  investigated.  General 
conclusions  are  drawn  relative  to  the  percentage  of  yearly 
time  that  various  attenuation  conditions  prevail  throughout 
the  frequency  range  studied. 
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GLOSSARY 


a 

raindrop  attenuation  for  n 

SI  1 

A 

effective  antenna  area 

/3 

the  Bohr  magneton 

c 

speed  of  light 

d 

transmission  distance 

D 

raindrop  diameter 

e 

electron  charge 

£ 

natural  logarithm  base 

Y 

absorption  coefficient 

9        ^  O 

absorption  coefficient  for 

oxygen 

^  R3D 

absorption  coefficient  for 

oxygen,  residual 

absorption  coefficient  for 

water  vapor 

h 

Plank's  constant 

k 

Boltzraar^s  constant 

k' 

raindrop  attenuation  for  p 

—    1  ram/hour 

K 

Pt  A2 

d2 

X 

wavelength 

A  0 

absorption  resonance  wavelength 

m 

electron  mass 

M 

magnetic  moment 

dipole  moment 

n 

an  integer 

n» 

number  of  raindrops 

N  number  of  oxygen  molecules  in  the  atmosphere 
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GLOSSARY- - C on t  inu  ed 

No  Avogado's  number 

N'  number  of  rainfall  occasions 

p  frequency 

absorption  resonance  frequency 

change  in  frequency  required  to  decrease  the 
magnitude  of  K  by  one-half 

p  precipitation 
received  power 

transmitted  power 

q  ratio  of  water  vapor  pressure  to  atmospheric 

pressure 

/O  amount  of  water  vapor 

t  time 

T  Temperature  -  Kelvin  Scale 

A  V/c  line  breadth  constant 


PROPAGATION  CONDITIONS  AND  TRANSMISSION  RELIABILITY 
IN  THE  TRANSITIONAL  MICROWAVE  RANGE 

1.     ATTENUATION  DUE  TO  OXYGEN  UNDER  STANDARD  CONDITIONS  OF 
TEMPERATURE  AND  PRESSURE  ♦ 
The  magnetic  moment,  M,   (in  e,m»u,)  for  the  simple  case  of 
a  current  in  a  single  loop  or  circuit  is  equal  to  the  area  of 
the  circTiit,  A,  multiplied  by  the  current,  I,   (in  e.s.u,)  di- 
vided by  the  speed  of  light,  c: 

M '  ^  0) 

In  terms  of  an  electiron  orbit  in  an  atom,  M  is  given  as 

vhere  e  and  m  are  the  charge  and  mass  of  the  electron,  h  is 

Plank's  constant,  and  n  takes  on  integral  values.    For  n  equal 

to  unity,  M  is  called  a  single  Bohr  magneton,;^. 

The  oxygen  molecule  is  paramagnetic,  possessing  a  permanent 

magnetic  dipole  moment  of  value  2/S,  and  absorbs  microwave  en- 

10 

ergy  through  interaction  with  the  electromagnetic  field.  As 
indicated  by  the  fact  thaty^  S!  l/lQO  of  a  Debye  unit  of  elec- 
tric polarity,  the  magnetic  absorption  effect  is  much  weaker 
than  the  corresponding  electric  absorption  and  becomes  appreci- 
able only  near  the  resonant  frequency  and/or  over  long  trans- 


0^ 


Y 


M 


mission  paths,  - 

Although  the  absorption  of  energy  by  any  gas  is  a  complex 
function  of  frequency,  this  report  concerns  only  those  absorp- 
tion -resonances  which  have  an  appreciably  direct  bearing  upon 
the  5,000 — 20,000  megacycle  microwave  region.  Consequently, 
the  wing  of  the  oxygen  absorption  region,  occurring  at  approx- 
imately 0,5  cm  and  extending  down  into  this  frequency  region, 

10 

is  the  only  one  of  interest.      Since  the  6-  to  1.5-cm  region 
occurs  far  away  from  the  important  central  resonance  frequency 
Z^o»   (that  is,  c/O.5  cm),  a  limited  form  of  the  general  equa- 
tion developed  by  Van  Yleck^y  may  be  used,  defining  V^Og' 
oxygen  absorption  coefficient,  as 


aV/c   )  £^V/c 


(3) 


where  "P  is  the  frequency,  N  is  the  number  of  oxygen  molecules 
per  cc  of  atmosphere,   (equal  to  0,2095        [^2.2^  x  10"^ J  at 
295  degrees  K  and  76-cm  pressure  where  Nq  is  Avogac^*s  number) 
k  is  Boltzman^Js  constant,  and  AT'  is  the  change  in  frequency 
from  J^o  for  the  absorption  to  decrease  to  0.5  the  maximum 
value.    Substituting  numerical  values  for  the  constants  with 
the  exception  of  c,  and  taking  the  value  of^^,  the  square  of 
the  dipole  moment,  to  equal  8/6^/3,   (see  equation  11  of  ref- 


'J.i  J  — 


-T  3  rf  rf 


h9: 


^  to 


.L  .  J  J  -I  ■ 


'--'-^-j'  f->r:n        ''".r'  fic 


erence  10 )  one  general  constant  may  be  evaluated,  and  equa 
tion  (5)  reduces,  at  standard  temperature  and  pressure,  to 


+  5.\   db/k,lomefer  ^""^ 

Equation  (4)  is  used  rather  than  a  simpler  one  (equation 
12,  reference  lO),  since  the  6-  to  1.5-cm  region  is  a  transi- 
tional region  lying  between  "V o*  consequently, 
both  resonance  and  nonresonance  members  must  be  included  to 
give  a  close  approximation  to  VT.     Expressing  K    in  db/mile, 
the  constant  term  becomes  0,578. 

In  attempts  to  evaluate  AV/q,  the  line  breadth  constant, 
most  experimenters  give  a  value  lying  between  the  limits  of 
0.02  cm'"'"  and  0.05  cm""^.    A  value  of       /o    -    0.02  cm""^  ap- 
pears most  reasonable,  however,  and  is  assumed  correct  in  this 
report. 

Using  this  value  in  (4)  and  expressing  I^Og  db/mile, 
we  have 


'■  rf       r  " 

T.\cf. 


\  ■ 


.  osrsfi^yf  ^  0.02 

+  7^  ]  S/m,/e 

The  above  formula,  checked  experimentally  (see  reference 
10)  In  the  region  of  l)  q,  has  proved  to  be  correct. 

The  next  line  beyond  at  A  o    ^    0.25  cm  is  so  very  far 
away  from  the  highest   iJ  =    20,000  mc  that  the  calculation, 
by  the  same  method,  of  any  presence  of  its 

wing,  results  in  a  negligible  additional  attenuation  to  that 
already  present  in  the  6-  to  1.5-cm  region  from  the  lines  at 
A  0    ^    0.5  cm. 

Figure  1  is  a  graph,  then,  of  attenuation  in  decibels/ 
mile  due  to  oxygen  absorption,  as  a  function  of  frequency  in 
the     X  =    6-  to  1.5-cm  region. 

2.     ATTENUATION  DUE  TO  UNCONDENSED  WATER  VAPOR  AT  STAflDARD 
CONDITIONS  OF  TEMPERATURE  AND  PRESSURE. 
The  water  molecule  has  an  electric  polarity  and  absorbs 
electromagnetic  radiation  strongly  at  certain  frequencies . 
In  particular,  transmission  in  the  6-  to  1.5-cm  region  suf- 
fers attenuation  both  from  the  main  molecular  resonance  in 
the  region  of  1.^  cm,  and  the  residue  due  to  the  wings  of 


(5) 


saic 

.  8':' 


nJ:  90 


J.  ■ 
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other  resonances  at  about  0.16  cm,  0.09  cm,  0.08  cm,  etc., 
which  extend  down  into  this  region. 

Van  Vleck's  forraula"^"^  for  the  water  vapor  absorption  at  a 
wavelength  \  caused  by  the  main  resonance  absorption  line  of 
interest  at  X  q  is 


31  1^ 


»/ 


(6) 


Vhere  yd  is  the  number  of  grams  of  vater  vapor  per  cubic 
meter.     (in  equation  (l)  of  reference  11,  A  o  »iistakenly  ap- 
pears instead  of  1/Aq).    By  experiment,  Tovnes  and  Merritt^ 
have  determined  very  accurately  that  the  value  of  X  q  is 
1.3481  cm  (Z^Q    =     22,237  mc). 

At  present,  the  best  experimental  value  of  the  water  mol- 
ecule line  breadth  constant  A"l^/c  is  given  by  Becker  and 
Autler"'"  as  O.O87  cm""^  at  lov  vapor  densities;  although  this 
value,  obtained  at  318  degrees,  changes  slightly  at  293  de- 
grees it  is  used  in  this  report  since  the  difference  is  not 
significant  here.    Substitution  of  these  values  into  (6)  re- 
sults in  the  simple  formula 


rf,3s  -  ^^^^ 


4- 


COST 
— ^T" 


0.087 


i\/t.3i6^\/\]  ^Io.OST] 

vhich  reduces,  in  db/mile,  to 


(7) 
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o-oa7 


i/^a-iAf*  C.007S7 


0-  08  7 


(8) 
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To  this  value  of  the  attenuation  due  to  the  vlnga 

of  the  higher  frequency  absorption  lines  must  be  added.  In 
equation  (ll)  of  reference  11  (vhere  c  Is  mistakenly  omitted) 
Van  Vleck  gives  the  formula  for  )^r3d  as: 

Since  experiments  have  shown    (reference  11)  that  this 
value  should  be  maltiplled  by  a  factor  of  k  approximately,  we 
will  restate  (9)  so  that  )^j^3j)  Is  valid  with  respect  to  this 
experimental  evidence: 

=  °       ^/a'  </y^//c  (10) 

The  total  water  vapor  attenuation  is  a  summation  of  the 
two  effects: 

^^zO  ^    K.3S^  ^RSD  (11) 

7 

One  may  assume  as  have  Van  Vleck  and  Schwartz  that 
has  an  average  value  of  7.5  grams /cubic  meter,  representing  1 
percent  of  the  atmosphere  as  uncondensed  water  molecules. 
Some  meteorological  data  indicates,  however,  that  a  higher 
general  value  of  about  11.5  grams/cubic  meter  approximates 
the  average  amount  of  water  vapor  present  in  a  temperate  cli- 
mate.   In  any  event,  under  saturation  conditions,  a  value  of 


i 


17.12  gms /cubic  meter  obtains  at  20  degrees  Centigrade,  and 
for  this  standard  condition  KjigO         ^®  evaluated  as  a  limit 
ing  case.    Equations  (?)  and  (8)  use  a  value  of  ^Z^/c  = 
0.087  cm"-^,  and  it  was  noted  that  this  value  is  correct  for 
lov  vapor  pressures,  the  order  of  10  grams/oubio  meter.  For 
the  saturation  pressure  of  17.12  grams/cubic  meter,  ^"^/c  ^ 
0.09^  cra""^,  and  the  value  of  y -j^  -^^  must  be  reevaluated  for 
this  particular  case. 

Figure  2  is  a  graph  of  attenuation  in  decibels/mile  due 
to  the  total  water  vapor  attenuation  at  saturation  conditions 
and  standard  temperature,  as  a  function  of  frequency  in  the 
transitional  region. 

5.     TOTAL  GASEOUS  ATTENUATION  UNDER  STAl^DARD  CONDITIONS. 

The  attenuation  in  the  transmission  path  due  to  both  oxy- 
gen absorption  under  standard  conditions  of  temperature  and 
pressure  and  saturated  water-vapor  content  (provided  that 
these  conditions  are  maintained  over  the  entire  transmission 
path)  is  additive  and  always  present,  in  addition  to  any  par- 
ticle-scattering effects  due  to  mist,  fog,  rain,  etc. 

The  total  gaseous  attenuation  is  given  as 

For  an  actual  line  of  sight  transmission,  in  addition  to 
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2»  Watbr  Vapor  Attbnuat/c^ 


the  normal  inverse  squared  distance  loss  this  value  of  absorp- 
tlon  must  also  be  considered,  a  result  vhlch  may  be  interpret- 
ed  in  several  ways.    The  general  free-space  equation  is  writ- 
ten as: 


I 


where  Pj^  is  received  power,        is  transmitted  power,  A  is  the 
effective  area  of  the  transmitting  antenna  (assumed  equivalent 
to  that  of  the  receiving  antenna)^  \  is  the  wavelength,  and  d 
is  the  transmission  distance. 

Expressing  the  attenuation  in  db/mile  and  using  consis- 
tent units,   (13)  is  modified  for  the  additional  absorption  as 


where  y  is  the  transmission  loss  in  db  per  unit  d. 

For  given  values  of  P^,  A,  and  \  ,  Is  a  function  of 
distance  in  the  manner 


(15) 


where 


which  may  be  compared  with  equation  (l3)  in  the  form. 


(13^ 


With  the  general  maxiraum  value  of  )^tq^^    arrived  at  as 

a  function  of  frequency  assuming  that         "    17.12  grams/cubic 

meter,  P      is  given  quite  accurately  by  (l^a)  for  small  val- 
R 

ues  of  d,  vhile  for  large  values  of  d,  the  exponential  form 
(15)  must  be  included  for  the  correct  result. 

-2 

Figure  3  shows  the  free  space  propagation  loss,  d    ,  and 
the  gaseous  attenuation  loss  in  excess  of  this  for     A  =  3, 
2,  and  1.5  cm,  as  a  function  of  transmission  path  length. 
This  graph  assumes  a  flat  earth  and  normal  atmospheric  condi- 
tions; beyond  50 — 100  miles,  the  curves  become  progressively 
in  error,  since  a  spherical  earth  and  a  less  dense  atmosphere 
must  hold  to  retain  line-of -sight  transmission. 

if.     VARIATION  OF  GASEOUS  ATTENUATION  WITH  CHANGES  IN  PRESSURE 
AND  TEMPERATURE. 

Total  gaseous  attenuation  depends,  however,  upon  the  tem- 
perature, pressure,  and  water-vapor  content  of  the  atmosphere 
through  which  transmission  takes  place;  in  some  instances,  the 
assumption  that  the  above  standard  condition's  exist  throughout 
the  path  length  must  be  modified  appreciably. 

In  the  case  of  H2O  (using  Humphrey's  vapor  pressure  val- 
ues,   )  the  equations  may  be  expressed  in  terms  of  the  ratio  of 
the  water  vapor  pressure  to  the  atmospheric  pressure,  q, 
rather  than  the  number  of  grams  of  water  present,  X).    The  vol- 


ume  ratio  of        to  the  entire  atmosphere  remains 
constant  at  0.2095  to  a  height  of  about  20  kilometers 
where  it  begins  to  decrease  roughly  as  the  2/5  pover  of 
the  height.    Up  to  20  kilometers  the  attenuation  due  to 
oxygen,  then,  is  directly  proportional  to  the  pressure 
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and  proportional  to  T-S/S^   (see  reference  10  in  Van  Vleck's 
paper  on  oxygen"^^).    In  the  graph  of  total  atmospheric  pres- 
sure  V3  altitude  (fig.  4A)  only  average  summer  readings  are 
given;  the  difference  "between  summer  and  vlnter  readings  is 
very  small  (page  80  of  reference  3). 

Figure       presents  a  graph  of  q  vs  altitude  for  summer 
conditions;  since  the  average  water  vapor  pressure  is  higher 
in  the  summer  than  in  the  winter,  this  graph  implicitly  re- 
presents a  slightly  more  conservative  characteristic  than  the 
yearly  average. 

Figure  5  presents  three  plots  (for  ^^1,35*      RSD>  andX'og^ 
of  the  variation  in  attenuation,  normalized  to  unity  at  295 
degrees  absolute,  as  a  function  of  absolute  temperature.  These 
relationships  are  taken  from  references  10  and  I8  in  the  Van 
Vleck  papers  on  oxygen  and  water  vapor,  respectively 


y/.SS  ^    7- J  /c2.  7a/ J 


(16) 


^RSD         -JTj^  (17) 


^2  "ffe  ^1^) 


Data  for  the  graph  of  temperature  versus  altitude  (fig.  6)  were 

1? 

obtained  from  an  NACA  report. 
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j!j  5.     ALTITUDE  VARIATION  OP  GASEOUS  ATTENUATION. 

With  this  information  it  13  possible  to  determine  the  av- 
erage attenuation  for  a  given  transmission  distance  as  a  func- 
tion of  temperature  and  pressure,  and  consequently,  of  altitude 


if  p.  and" 
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(a  matter  of  some  Importance  considering  present-day  upper- 
atmosphere  developments).    Three  curves  (fig.  7) 


present  these  data  for  Og  alone,  HgO  alone,  and  the  •** 

total  for  a  specific  frequency  roughly  mldvay  In  the  range 
considered,  14,0Q0  megacycles.    An  Inspection  of  the  attenua- 


tlon  at  a  single  frequency  vlll  enable  us  to  determine  the 
relative  importance  of  the  H^O  and  Oj^  parameters  as  a  function 
of  height. 

It  is  evident  that  at  lov  altitudes  (in  the  order  of  1  or 
2  miles)  the  attenuation  at  this  frequency,  14,000  megacycles, 
due  to  water  vapor  predominates  over  that  due  to  oxygen  but 
falls  off  very  rapidly  vith  increasing  altitude  (dovn  to  one- 
half  its  sea-level  value  at  about  2  miles  and  to  one-tenth  at 
about  4  miles).    Even  with  above  average  water  vapor  content 
conditions,  the  attenuation  due  to  water  vapor  for  transmission 
paths  of  ^   1000  miles  is  apparently  negligible  at  heights 
^  5  miles.    At  a  height  of  approximately  3  miles,  the  attenu- 
ation due  to  oxygen  equals  that  of  water  vapor;  above  this 
height,  the  V^02  ^^P-^^-^^  takes  over.    Above  a  height  of  about 
5  miles,  practically  all  the  attenuation  is  caused  by  O2.  It 
is  to  be  noted  that  on  any  given  day,  a  discontinuity  in  the 
curve  of  Y  02         ^TOTAL  ^^^^'^^       about  7.5  miles  because  of 
the  rapid  temperature  change  at  this  height  (fig.  6),  but  the 
curve  is  smoothed  out  in  this  region  to  represent  average  con- 
ditions over  a  long  period. 

Figure  7  shows  that  the  total  attenuation  decreases  rapidly 
with  increasing  altitude  and  becomes  negligible  (  —  1  db  total) 
for  average  conditions  at  heights  =  5  miles  for  100-mile 
transmission  paths  or  at  a  height  =  12.5  miles  for  1000  miles; 
under  almost  any  conditions,  attenuation  due  to  Og  HgO 
should  not  be  a  factor  above       15  miles.    It  is  to  be  noted 
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that  for  average  sea-level  meteorological  conditions, 
^TOTAL    ~    ^6.2  X"  10"-^  db/mlle  (a  value  somewhat  lover  than 
the  maximum  of  65.0  x  10"^  db/mile  figure  previously  stated 
upon  the  basis  of  saturation  water  vapor  conditions). 

In  actual  practice,  exact  interpretation  of  these  results 
is  more  difficult.    It  must  be  emphasized  that  the  curves 
dravn  represent  averapiie  conditions  of  temperature,  pressure, 
and  water-vapor  content;  conditions  offering  a  value  of  atten- 
uation much  less  than,  or  up  to  2  or  3  times,  that  shown  at 
low  altitudes  (below  5  miles  approximately)  can  exist  for  ap- 
preciable periods  of  time.    Above  this  height,  the  curves 
should  become  more  generally  applicable,  since  the  temperature 
and  atmospheric -pressure  variation  do  not  effect  important 
changes  in  the  value  of  y  , 

Also,  since  transmission  paths,  in  general,  do  not  follow 
paths  of  constant  height  with  respect  to  sea  level,    )^  varies 
substantially  over  the  path,  with  the  attenuation  over  the 
center  of  the  path  appreciably  higher  than  at  either  end  in 
long  air-to-air  transmission  links,    A  calculation  of  the 
total  attenuation  for  long  path  lengths  requires  an  integra- 
tion over  the  path  when  considering  large  departures  from 
transmission  paths  parallel  to  a  plane  earth.     For  Instance, 
a  total  attenuation  of  approximately  one-half  the  normal 
plane-earth  sea  level  value  obtains  for  the  same  path  length 
in  a  ground-air  link,  when  the  air  terminal  is  5  miles  in 
the  air  (fig.  7). 


•  ,1.3  i  \J 


Figure  8  summarizes  the  data  by  presenting  the  overall 
attenuation  values  directly  as  a  function  of  altitude  for 
X  -    6,  3,  2,  and  1.5  cm. 
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6.     ATTENUATION  DUE  TO  RAINFALL. 

Under  conditions  of  rainfall,  the  total  attenuation  exist- 
ing throughout  a  transmission  path  is  comprised  of  the  sum  of 
the  gaseous  oxygen  and  water  vapor  absorption  and  the  attenua- 
tion due  to  the  presence  of  the  liquid  drops  (i.e.,  rainfall, 
fog,  snow,  etc.).    This  attenuation,  and  we  will  concern  our- 
selves initially  only  with  rainfall  attenuation,  results  from 
the  scattering  of  the  incident  energy  as  well  as  its  absorp- 
tion in  the  individual  drops;  the  component  of  attenuation  due 
to  the  scattering  effect  is  unimportant  in  this  frequency  re- 
gion from  the  point  of  view  of  total  attenuation.     This  report, 
therefore,  concerns  only  the  attenuation  due  to  the  incident 
electromagnetic  energy  converted  to  heat  within  the  raindrops. 

The  figures  given  by  Ryde  and  Ryde  in  their  very  complete 
theoretical  analysis  of  raindrop  attenuation    have  been  borne 
out  quite  well  experimentally  in  the  3,  1,  and  0.5  cm  regions; 
therefore,  their  method  for  the  calculation  of  attenuation  as 
a  function  of  rainfall  intensity  is  used  to  determine  the  val- 
ues expected  to  occur  throughout  the  6-  to  1,5 -cm  range. 

In  general,  assuming  a  constant  temperature  of  18  degrees 
Centigrade,  the  attenuation  in  db/km  for  a  liquid  concentra- 
tion of  1  drop/cubic  cm  as  a  function  of  the  drop  diameter  is 
calculated.    Then  the  rate  of  precipitation  corresponding  to 
this  concentration  must  be  related  to  rains  composed  of  drops 
which  are  all  of  the  same  diameter.    With  this  relation  known, 
and  the  normal  distribution  of  drop  sizes  in  different  rates 
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of  precipitation,  the  attenuation  may  be  expressed  directly  in 
terms  of  rainfall  intensity. 

Prom  the  values  found  in  Table  V  (Ryde  and  Ryde)  for  vari- 
ous raindrop  diameters  and  frequencies,  values  of  db  loss  per 
kilometer  (for  water  at  18  degrees  Centigrade)  for  various 
drop  diameters  at  wavelengths  of  10,  6,  3,  2,  and  1.5  cm  con- 
sidering a  concentration,  n',  of  1  drop/cubic  cm  have  been 
found. 

By  dividing  the  interpolated  attenuation  values  by  the 
corresponding  values  of  p  for  n'    —    1,  a  set  of  values  of 
the  attenuation  in  db/kllometer  for  an  Intensity  of  rainfall 
of  1  mm/hour  is  obtained  for  the  various  drop  diameters. 
These  k'  values  are  for  hypothetical  rainstorms  which  are  ho- 
mogeneous for  any  given  intensity,  that  is,  all  the  drops  are 
of  the  same  diameter.     Having  obtained  the  values  of  k',  to 
compute  the  attenuation  in  actual  rainstorms  only  the  average 
distribution  of  the  different  drop  sizes  in  storms  of  various 
intensities  remains  to  be  found.    Typical  drop-size  distribu- 
tions  taken  from  the  data  of  Laws  and  Parsons    are  also  pre- 
sented by  Ryde  and  Ryde  (Table  VIII  of  reference  6);  they  will 
not  be  repeated  here.    The  probable  attenuation  in  such  storms 
may  be  determined  by  multiplying  the  k'  value  for  a  given 
small  interval  of  raindrop  diameter  by  the  corresponding  nor- 
malized fraction  of  raindrops  of  such  diameters  found  in  a 
rainfall  of  1  mm/hour,  and  doing  this  for  a  complete  set  of 
intervals  of  k'  for  a  particular  rain  intensity.    These  calcu- 
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lations  have  been  carried  out  for  various  rainfall  Intensl-  . 
ties  (that  Is,  various  multiples  of  k' )  using  the  appropriate 
distribution  values.  The  calculated  Intensity  and  attenua- 
tion values,  which  cover  a  wide  range  of  values,  are  plotted 
in  figure  9.  The  variation  in  attenuation  gives  very  nearly 
an  increasing  straight  line  log-log  plot  of  the  rainfall  in- 
tensity for  the  range  within  which  points  were  calculated. 

Since  these  values  of  attenuation  are  all  given  for  18 
degrees  Centigrade  and  since  attenuation  is  a  function  of 
temperature,  theoretically  a  correction  must  be  made  in  the 
values  of  figure  9  for  temperatures  other  than  18  degrees 
Centigrade.     Approximate  correction  factors  for  the  range  0 
to  40  degrees  Centigrade  at  various  precipitation  rates  have 
been  Interpolated  and,  except  for  the  lowest  calculated  pre- 
cipitation rate  (0.25  mm/hr)  and  a  temperature  of  0  degrees 
Centigrade  (at  which  point  it  is  equal  to  l.l),  the  correc- 
tion factor  is  fractional;  hence,  the  attenuation  at  18  de- 
grees Centigrade  is  used  as  approaching  a  general  maximum 
value  of  expected  attenuation  within  these  temperature  limits. 

7.     EXPECTED  RAINFALL  INTENSITIES  AND  DURATIONS. 

It  appears  that  one  of  the  most  meaningful  methods  for 
expressing  rain-attenuation  values  for  the  region  under  con- 
sideration is  to  express  these  values  as  a  function  of  their 
probability  of  occurrence  throughout  the  year.    This  method 
differs  from  that  used  in  past  reports  on  frequency  utiliza- 
tion,''^'^ in  which  the  maximum  attenuation  values  likely  to  be 
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experienced  on  a  given  frequency  during  the  course  of  a  year 
or  years  under  vorld-vide  conditions  are  utilized  as  a  crite- 
rion for  the  usefulness  of  that  frequency  for  transmission 
purposes.    The  tvo  methods  differ  in  that  the  raaxim^  attenua- 
tion value  provides  for  essentially  a  perfectly  reliable  sys- 
tem characteristic  insofar  as  frequency  choice  as  a  function 
of  propagation  conditions  is  concerned,  while  the  probability 
distribution  expresses  the  expected  transmission  reliability. 
With  the  advent  of  more  high-frequency  techniques,  frequency 
allocation  difficulties  will  increase;  therefore,  both  methods 
should  be  considered,  especially  for  frequency  regions  such 
as  the  one  here  under  study. 

It  is  readily  seen  from  figure  9  that  over  distances 
greater  than  10  miles  or  so,  the  attenuation  (in  excess  of 
that  due  to  gaseous  absorption)  produced  by  rainfall  of  in- 
tensities  =  10  mm/hour  and  extending  over  the  complete  dis- 
tance forces  a  prohibitive  increase  in  transmitter  power  to 
maintain  the  signal  level  at  the  distant  terminal  calculated 
upon  the  basis  of  free-space  conditions  alone.    A  recourse  to 
meteorological  data  must  be  made,  therefore,  to  express  the 
possible  use  of  the  microwave  region  in  terms  of  probable- 
percentage  operating  reliability. 

Figure  10  is  a  graph  based  upon  rates  of  rainfall  experi- 
enced in  the  British  Isles  over  a  period  of  65  years  until 
about  19^0.^    Since  the  rainfall  conditions  there  are  roughly 
comparable  to  those  existing  in  the  United  States,  they  should 
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•prove  vorth  examining.    An  extensive  search  of  the  litera- 
ture has  not  provided  comparable  data  for  the  United  States, 
although  certain  "spot"  notes  indicate  the  United  States 
lines  -would  parallel  those  of  the  British  Isles,  but  would  be 
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somewhat  higher.     For  this  geographical  location  three 
curves  are  dravn:    curve  A  is  a  plot  of  rainfall  intensity  as 
a  function  of  duration  for  values  of  precipitation  exceeded 
only  once  in  a  year;  curve  B  for  intensities  exceeded  four 
times  per  year;  and  curve  C  for  intensities  exceeded  twelve 
times  per  year.    Thus,  for  instance,     we  may  predict  that  in  a 
year's  time  in  a  meteorological  region  similar  to  Great  Brit- 
ian's,  a  precipitation  rate  of  50  mm/hour  or  more  will  occur 
on  the  average  for  a  total  duration  of  six  minutes  once  in  that 
year  (see  curve  A);  or,  that  a  rainfall  intensity  of  5  mm/hour 
will  occur  on  the  average  for  50  minutes  per  month  throughout 
the  year;  or  a  5  mm/hour  intensity  for  a  total  duration  of  10 
hours  in  the  year.    These  graphs  are  plotted  from  the  empiri- 
cal equation  given  in  Ryde  and  Ryde: 


where  N'  is  the  average  number  of  occasions  per  year  that,  at 
a  given  average  station  in  England  and  Wales,  the  rate  of  pre- 
cipitation will  be  equal  to  or  greater  than  p  mm/hour  for  a 
total  duration  of  t  minutes . 

This  information  can,  in  turn,  be  translated  into  terms  of 
the  percentage  of  yearly  time  that,  on  the  average,  rainfall 
intensity  exceeds  various  values,  and  thus,  implicitly,  the 
percentage  of  time  that  attenuation  exceeds  various  values. 
This  is  presented  in  figure  11. 
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Since  equation  (19)  does  not  easily  give  the  exact  inter- 
pretation of  the  tn  product  (the  total  yearly  duration  of 
rainfall)  at  a  given  precipitation  intensity,  in  figure  11  the 
individual  values  are  plotted  from  the  three  curves  of  figure 
10,  "With  a  straight  line  dravn  through  the  points.    The  gener- 
al slope  of  the  graph  of  attenuation  vs  percentage  yearly  time 
is  believed  to  be  an  adequate  exposition  of  the  quantities  in- 
volved. 

A  study  of  figure  11  allows  a  fairly  accurate  judgment  to 
be  made  on  the  average  time -per cent age  reliability  of  this 
band  under  the  assumed  average  rainfall  conditions.     In  the 
region  of  2  cm,  for  instance,  for  10  percent  of  the  year  (just 
over  a  month)  the    attenuation  Y"-^  can  be  expected  to  be  at 
least  0.014  db/mile,  and  since  10  percent  of  the  year  repre- 
sents a  very  large  percentage  of  transmission  time,  this  mini- 
mum value,  at  least,  must  enter  into  the  determination  of  cir- 
cuit parameter  values.    As  larger  percentages  of  reliable  op- 
erating time  are  demanded,  higher  possible  attenuation  values 
must  be  considered  in  the  choice  of  transmitter  power  and  re- 
ceived carrier-to-noise  ratios.     For  instance  the  rainfall  at- 
tenuation can  be  expected  to  equal  or  surpass  the  total  gase- 
ous absorption  of  0,067  db/mile  1  percent  of  the  time  (about 
three  days  in  any  given  average  year).    Also,  if  assurance  of 
reliable  transmission  for  say,  99.99  percent  of  the  time  in  a 
year,  is  desired  (in  other  words,  allowing  a  total  non-opera- 
tive period  of  only  about  one  hour  in  a  year),  an  attenuation 
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figure  of  over  1  db/mlle  for  rainfall  alone  vould  have  to  be 
alloved.    These  same  calculations  may  be  extended  to  any  wave- 
length within  the  region  under  study. 

8.     RAINFALL  ATTENUATION  VERSUS  PATH  LENGTH  AND  GEOGRAPHY. 

The  extension  of  rainfall-attenuation  predictions  to  paths 
Involving  alr-to-alr  or  air-to-ground  links  Is  not  accom- 
plished readily  as  was  done  for  gaseous  absorption,  since 
there  Is  no  simple  variation  of  the  attenuating  medium  with 
height  as  in  the  latter  case.     The  variation  to  be  found  in 
rainstorm  altitudes  is  in  the  order  of  tens  of  thousands  of 
feet,  and  about  the  only  limiting  statement  that  can  be  made 
is  that  rain  clouds  do  not,  in  general,  reach  heights  of 
greater  than  about  five  or  six  miles.     From  this  considera- 
tion it  can  be  seen  that  in  general,  high-altitude  alr-to- 
alr  links  suffer  less  from  rainfall  attenuation,  since,  on 
the  average,  a  total  amount  of  water  per  unit  voliime  of  space 
per  unit  time  would  be  expected  to  be  foiind  less  often  the 
higher  the  air-to-air  link  is  above  the  earth's  surface. 
Long  transmission  paths  will  not  offer  the  full  altitude  ad- 
vantage, however,  since  then  a  larger  fraction  of  the  path 
length  would  pass  close  to  the  earth.     For  air-ground  links, 
the  average  attenuation  experienced  in  a  year's  time  could 
obviously  be  expected  to  be  less  for  transmission  paths  mak- 
ing a  large  angle  with  respect  to  the  ground;  for  small  an- 
gles the  improvement  should  not  be  so  noticeable. 

Also  a  factor  in  the  calcurlation  of  rainfall  attenuation 
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compared  to  gaseous  attenuation  is  the  even  more  unpredicta- 
ble state  of  homogeneity  of  the  transmitting  medium.     For  a 
transmission  path  length  extending  a  given  height  over  the 
earth's  surface,  the  gaseous  absorption  per  unit  length  re- 
mains rather  constant  along  the  path  length.    Such  conditions 
are  seldom  realized  in  the  case  of  rainstorms,  the  intensity- 
varying  considerably  even  within  distances  of  one  mile,  and 
terminals  separated  by  distances  of  10  miles  or  more  often 
experiencing  entirely  different  rates  of  precipitation.  The 
value  of  extending  total  attenuation  values  to  path  lengths 
greater  than  the  order  of  10  to  20  miles  is,  therefore,  some- 
what questionable,  and  for  long  path  lengths,  therefore,  a 
linear  extension  of  the  attenuation  values  exhibited  here 
"Will  in  general  lead  to  overly  pessimistic  results. 

As  in  gaseous  attenuation  values,  these  results  are  valid 
for  average  conditions  only,  since  they  are  predicated  upon 
long  periods  of  transmission  time  for  climates  in  -which  the 
stated  rainfall  intensities  and  durations  are  approximated 
rather  closely.     Specific  instances  in  vhich  these  average 
values  vill  be  exceeded  may  be  expected.    Also  if  vorld-wide 
climatic  conditions  are  considered  for  long  periods  of  time, 
average  attenuation  values  three  to  four  times  greater  than 
those  predicted  may  be  expected,  thus,  much  doubt  is  cast  on 
the  utility  of  this  band  in  such  regions  as  Panama,  Sumatra, 
Java,  etc.,   (except  for  very  short  links).    Under  the  assumed 
meteorological  conditions,  however,  the  data  should  prove 
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fairly  accurate, 

9.     TOTAL  GASEOUS  AND  RAINFALL  ATTENTJATI ONS . 

A  graphic  picture  of  total  expected  attenuation  in  the 
6-  to  1.5-cm  region  may  be  expressed  best,  perhaps,  by  deter 
mining  the  increase  in  transmitter  power  over  the  calculated 
free-space  amount  necessitated  by  this  total  attenuation. 
The  increase  in  transmitter  pover  as  a  function  of  one  vay 
transmission  distance  vhich  is  required  to  maintain  the  re- 
ceived carrier-to-noise  ratio  calculated  upon  the  basis  of 
free-space  propagation,  is  expressed  for  various  percentages 
of  reliable  operating  time  in  figure  12, 

These  plots  indicate  that  extremely  high  reliability  of 
operation  cannot  be  achieved  for  other  than  relatively  short 
distances  at    XK  3-cm  except  at  the  expense  of  greatly  in- 
creasing transmitter  power  above  the  free-space  calculated 
values.    Even  a  distance  of  only  10  miles  at     X  -    2  cm  re- 
quires a  power  increase  of  about  13.5  db  for  a  reliability 
percentage  of  99.99  percent.     (Note,  however,  that  this  ex- 
treme percentage  reliability,  an  outage  time  of  only  1  hour 
per  year,  may  in  some  cases  be  achieved  in  ground-to-ground 
short  distance  links  at  some  saving  in  power  because  of  the 
increased  antenna  gains  accompanying  the  use  of  the  higher 
frequency. ) 

The  situation  is  improved  as  the  stringency  on  reliabili 
ty  is  lessened.     Again  taking     X  =    2  cm  for  purpose  of  il- 
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lustration,  and  assuming  that  short-range  (20-nille)  path 
lengths  in  free  space  require  a  transmitter  power  of  about 
0.1  watt  to  provide  a  received  carrier-to-noise  ratio  of  40 
db  with  normally  high  gain  transmitting  and  receiving  anten 
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nas  and  a  high  sensitivity  receiver,  then,  with  a  permissible 
outage  of  10  hours  non-operable  time  in  the  entire  year  (a  re- 
liability 99.9  percent),  ground-to-ground  transmission  distanc 
es  of  about  25  miles  vould  require  a  transmitter  power  of  1 
watt,  and  60  miles  would  require  10  watts.    If  the  service 
utilizing  these  frequencies  permits  a  total  of  about  one  day 
per  year  non-operating  time  because  of  propagation  conditions, 
10-mile  links  should  be  entirely  practical  with  powers  of  the 
order  of  1  watt. 

Relative  to  the  propagation  percentage  reliabilities  (99.5 
percent  and  higher)  stated  above,  it  should  be  noted  that 
equipment  reliability  at  these  frequencies  probably  will  be 
much  lower  for  some  time  into  the  future. 

10.     OTHER  EFFECTS. 

Other  propagation  effects  which  might  be  briefly  mentioned 
are  those  of  attenuation  due  to  hailstones,  fog,  interference- 
type  fading,  and  refraction. 

a.    HAILSTONES.     (See  page  21  of  reference  6.) 

The  attenuation  due  to  hailstones  is  dependent  (as  in  the 
case  of  rain)  upon  the  dielectric  constant  of  the  attenuating 
material.    The  dielectric  constant  value  for  ice  has  a  rela- 
tively low  value,  indicating  that  a  smaller  attenuation  may 
be  expected  through  hailstones  and  ice  clouds  than  through 
rainfalls  of  comparable  intensities.    The  attenuation  due  to 
hailstones  increases  with  the  diameter  of  the  stones  up  to  a 


diameter  of  about  1  cm.    Because  of  the  lack  of  hallstone-slze 
distribution  data,  calculations  comparable  to  those  for  actual 
rainfalls  may  not  be  made.    While  heavy  falls  of  larger-diameter 
hailstones  may  produce  attenuation  of  the  same  magnitude  as  a 
heavy  rainfall,  such  falls  In  general,  do  not  have  an  occur- 
rence-duration product  large  enough  to  change  conclusions  made 
upon  the  basis  of  rainfall  attenuation  alone. 

In  Ice-clouds,  the  attenuation  Is  of  the  order  of  0.5  per- 
cent that  of  vater-droplet  clouds  under  the  same  conditions  of 
temperature  and  water  content. 

b.  FOG  AND  CLOUDS.     (See  page  16  of  reference  6.) 

The  attenuation  expected  In  fogs  and  clouds  Is,  conserva- 
tively, of  the  order  of  0.1  db  per  kilometer  per  gram  per  cu- 
bic meter  In  this  region.    This  attenuation  factor  becomes  of 
importance  therefore  only  under  conditions  where  the  water  con- 
tent approaches  1  gram  per  cubic  meter,  which  occurs  only  under 
conditions  of  extremely  heavy  fogs  or  cloud.     For  example,  a 
water-droplet  concentration  of  0,85  grams/cubic  meter  is 
equivalent  to  a  visual  range  in  fog  or  cloud  of  only  200  feet; 
generally,  water  concentrations  in  ground  fog  is  of  the  order 
of  0.006  grams/cubic  meter, 

c.  INTERFERENCE-TYPE  FADING, 

In  ground-to-ground  link  operation,  two  wave  fronts  reach 
the  receiver  if  the  transmission  path  llfLea  over  an  efficient 
reflecting  surface  such  as  water,  with  the  result  that  an  in- 
terference lobe  structure  will  be  found  at  the  receiving  site. 


with  changes  in  atmospheric  conditions,  these  lobes  drift 
past  the  receiving  antenna,  resulting  In  signal-strength  fad- 
ing.   For  a  given  change  In  the  propagation  characteristic, 
the  gradient  of  lobe  shift  Increases  vlth  decreasing  vavelength; 
consequently,  more  rapid  fading  may  be  expected  at  the  shorter 
than  at  longer  wavelengths.    The  depth  of  the  fading,  however. 
Is  the  same  regardless  of  wavelength  (until  much  lower  fre- 
quencies are  reached),  and  the  smaller  half -lobe  spaclngs 
found  at  the  shorter  wavelengths  may  actually  prove  advanta- 
geous when  corrective  measures,  such  as  diversity  reception, 
5 

are  applied, 

d.  REFRACTION. 

Beam  bending  due  to  refraction  normally  takes  place  In  the 
atmosphere  up  to  50  kilometers,  becoming  negligible  beyond 
this  height.    As  low  aslcm,  the  amount  of  bending,  does  not 
differ  appreciably  from  either  5  or  50  cm, 

e.  SCATTERING . 

In  one-way  transmission  systems,  the  scattering  by  parti- 
cles of  the  Incident  energy  Is  not  Important  except  as  a  con- 
tribution to  the  overall  attenuation  factor;  In  a  radar  sys- 
tem, the  energy  scattered  throughout  such  an  angle  as  to  be 
received  back  at  the  receiving  terminal  may  be  quite  appreci- 
able at  these  frequencies,  but  this  presents  another  problem 
other  than  simple  absorption. 
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CONCLUSIONS 

The  gaseous  absorption  existing  both  in  the  presence  and 
in  the  absence  of  rainfall  is  of  small  importance  until  path 
lengths  become  long.    Under  -water- vapor  saturation  conditions, 
for  standard  temperature  and  pressure,  the  increase  in  power 
needed  to  maintain  the  carrier-to-noise  ratio  at  a  distance 
up  to  100  miles  calculated  under  free-space  conditions  has 
been  found.    Gaseous  attenuation  decreases  rapidly  with  height 
and  becomes  negligible  for  air-to-air  links  above  an  altitude 
^  5  miles j  air-ground  link  attenuation  values  are  intermedi- 
ates of  ground-to-ground  and  air-to-air  paths,  specific  val- 
ues depending  upon  the  angle  which  the  transmission  path  makes 
with  the  ground. 

Based  upon  what  is  believed  to  be  the  most  complete  avail- 
able meteorological  data  for  this  purpose,  rainfall  attenua- 
tions have  been  calculated.    As  a  result  of  these  calculations, 
absolutely  continuous  reliability  cannot  be  predicted  for  path 
lengths  greater  than  about  10  miles  with  normal  transmitter 
powers  for    X  ^  3  cm.     A  measurement  of  the  band^s  value  is 
given  by  determining  the  increase  in  transmitter  power,  as  a 
function  of  distance,  required  to  maintain  free-space  received 
carrier-to-noise  ratios  for  various  prescribed  percentage  year- 
ly operating  figures,  or  number  of  hours  of  "outages"  or  "hits" 
per  year.    This  information  is  presented  in  graphical  form, 
and  calculations  for  any  X  between  6-  and  1.5-cm  may  be  found 
directly. 
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'  -In  general,  attenuation  effects  due  to  gaseous  absorption, 
hailstorms,  clouds,  etc.,  do  not  approach  the  service -limiting 
value  produced  by  rainfall. 

In  conclusion,  that  part  of  the  region  under  study  above 
X  ^     2  cm  provides  almost  perfect  reliability  for  path 
lengths  up  to  about  10  miles  without  requiring  any  appreciable 
increase  in  transmitter  pover  above  that  calculated  for  free- 
space  conditions.     Above  10  miles,  either  a  lowered  reliability 
figure  may  be  accepted,  or  the  transmitter  power  must  be  in- 
creased.    For  high-altitude  air-to-air  links,  or  for  conditions 
not  demanding  absolute  reliability,  such  as,  perhaps,  certain 
types  of  rear  area  services,  the  band  should  prove  valuable. 
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